Plant viruses have been widely used as templates for the synthesis of organic-inorganic hybrids. However, the fine-tuning of hybrid nanoparticle structures, especially the control of inorganic particle size as well as where the silication occurs (i.e. outside and/or inside of the capsid), by simply tuning the pH remains a challenge. By taking advantage of the templating effect of Cowpea Chlorotic Mottle Virus (CCMV) protein cages, we show that the silication at the exterior or interior surface of protein capsids, as well as the resulting structures of silica/virus hybrid nanoparticles can be fine-tuned by pH. At pH 4.0, only small silica particles (diameter of 2.5 nm) were formed inside the protein cages; at pH 6.0, silication mainly takes place inside of the protein cages, leading to monodisperse silica nanoparticles with diameters of 14 nm; and at pH 7.5, silica deposition takes place both at the interior and exterior surfaces of protein cages in aqueous conditions. Under these reaction conditions, multiple component hybrid virus/ nanoparticulate systems, such as CCMVAu/silica and Au/silica nanoparticles were prepared step-by-step.
Introduction
Organic-inorganic hybrid nanoparticles (NPs) with combined functionalities have attracted great interest in recent years. [1] [2] [3] [4] [5] [6] [7] [8] In particular, environmentally friendly and low-cost plant virus based hybrid materials have been widely studied [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] due to their promising applications in biomedicine, electronic devices and vaccine storage. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] The advantages of using viruses as templates are: (i) these are monodisperse NPs with a high level of symmetry, which is suitable for the construction of uniform nanoparticles; and (ii) many of the virus NPs are stable over wide pH and temperature ranges, which makes them applicable for the synthesis of hybrid NPs. In particular hybrid protein cage-silica NPs are of interest as these combine the robust properties of silica, e.g. structural integrity, with the high level of denition of virus-based protein cages.
Spherical and tube-like viruses have been used as templates for the synthesis of silica-virus hybrid NPs. [42] [43] [44] [45] [46] [47] [48] [49] [50] Silication has been achieved on the genetically modied protein shell of the cowpea mosaic virus (CPMV) 43 however, the size of the particles was hard to control due to particle cross-linking of silanol groups. By mimicking natural silica growth, positively charged APTES ((3-aminopropyl)triethoxysilane) was pre-adsorbed onto the negatively charged viral NPs surface and hydrolyzed/ condensed to form silica nuclei, then TEOS (tetraethoxysilane) was added to promote the growth of the silica shell. 49, 51 Silication on tube-like virus particles, such as the tobacco mosaic virus (TMV) was also reported. 44, 47 In this case, the modication of the outer-surface of the virus particles with a polymer is necessary, in order to obtain silica shells with sufficient thickness to tolerate the deposition of metal nanoparticles.
44,45
Although the construction of silica-virus hybrid NPs was successful, the ne-tuning of hybrid NP structures, especially the control of silication outside or inside the virus capsid, remains challenging. When the exterior surface of the capsid is negatively charged it can interact with positively charged silica precursors, for example APTES, and thus facilitate the deposition of silica on the exterior surface of capsid. Meanwhile, the porous structure of the protein shell of virus NPs allows foreign molecules, such as the silica precursors/or silica nuclei, to get access inside the virus cage. In view of these considerations, virus silication can not only take place at the exterior surface but also inside the capsid, leading to structurally diverse hybrid NPs.
52 As a representative model system, the Cowpea Chlorotic Mottle Virus (CCMV) consists of 180 protein units, which assemble into a porous capsid shell with single-stranded RNA encapsulated. [40] [41] [42] [43] 53, 54 The interaction between negatively charged CCMV capsid (pI ¼ 3.8) and APTES can be controlled by pH, due to the pH dependence of the negative charge density of the exterior capsid surface. 52, 55, 56 Meanwhile, the size of CCMV capsid pores (1-2 nm) is close to silica nuclei (1-2 nm) 57, 58 and is also pH dependent, which allows the control of accessibility of silica nuclei through the capsid by pH. CCMV NPs are stable at a pH range of 3.0 to 6.0, where the pore size of the capsid is about 1 nm in diameter. The capsid starts to swell at pH $ 6.0, at which the pore size increases to 2 nm, resulting in higher accessibility for foreign molecules.
59,60 Synthesis of monodisperse inorganic nanoparticles at this pH has been widely reported. [61] [62] [63] The virus NPs are highly swollen when the pH > 7.5 while the virus disassembles at this pH with high salt concentrations. 64 For the accessibility of the CCMV protein cage three stages were recognized: pH < 5.5, low accessibility; pH 5.5-7, medium accessibility; pH $ 7.5, high accessibility. 65 Therefore, it should be possible to control the deposition of silica in the cavity to control the growth of particle size as well as control the deposition on both sides of the capsid surface by tuning the pH of the solution, resulting in hybrid protein-silica nanoparticles with controlled structure.
To conrm our hypothesis, CCMV NPs were used as a template to construct hybrid nanoparticles under three representative pH conditions, i.e.: pH 4.0, 6.0 and 7.5. The silication at different pH conditions as well as the structures of the formed hybrid nanoparticles were studied. The control of silication was further employed to construct multi-component core-shell nanoparticles, with as a proof of concept, hybrid nanoparticles with core-shell structures including a Au NPs encapsulating hybrid NP (CCMVAu), which was subsequently silicated to form multi-shell hybrid NPs (CCMVAu/silica). Finally aer removal of the organic CCMV template by a thermal calcination process, a solid Au nanoparticle-hollow silica NPs (Au/silica) rattle structure was obtained. The catalytic activity of Au NPs combined with the stability of silica shell, enabled the formation of highly stable catalytic materials.
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Results and discussion
To prepare virus/silica hybrid NPs, silication was carried out by treating CCMV with APTES, followed by TEOS, at different pHs. The reaction solutions were incubated while rotating for 3 days at room temperature, washed with buffer solution for 3 days, followed by washing with MilliQ 18 Mohm water another 3 days. Silication and purication of gold containing protein cages was carried out in via similar method. The silication of virus particles was rst conrmed by energy dispersive X-ray spectroscopy (EDX), which shows a silicon signal for all samples (Fig. 1) .
Transmission Electron Microscopy (TEM) characterization further conrmed the successful silication of CCMV. Analysis of stained TEM images with negatively stained CCMV-silica4 displayed NP with D ¼ 22 nm in with a dark core of D ¼ 15 nm (Fig. 2b) , while non-stained CCMV-silica4 NPs were hardly visible in TEM (data not shown), indicating a low density silica on the virus particles which was also conrmed by EDX elemental mapping (Fig. S1 †) . Stained CCMV-silica6 showed D ¼ 24 nm in NPs (Fig. 2c) , while non-stained CCMV-silica6 NPs showed a much smaller particle size with D ¼ 14 nm (Fig. 2d) . Protein shells are hardly visible under TEM without proper staining, but silica, which has a higher contrast than the organic protein shell, can be observed. Therefore, these 14 nm sized NPs from nonstained CCMV-silica6 are identied as silica particles, indicating that the silication mainly occurred inside of the virus cage at pH 6.0. Further evidence to support this conclusion is that nanoparticles with a size of D ¼ 14 nm were retained aer calcination (Fig. S2 †) . For CCMV-silica7.5, the stained sample showed particles with D ¼ 27 nm (Fig. 2e) , while the non-stained sample showed particles with average D ¼ 30 nm (Fig. 2f) , suggesting silication might have taken place not only inside the protein cage, but also at the exterior surface of capsid or at the interface of the coat proteins. Although some smaller particles with D ¼ 18 nm were also observed which may mainly have silication inside protein cages. Particle sizes analysed by dynamic light scattering (DLS) are consistent with TEM analysis. Both CCMV-silica4 and CCMV-silica6 show average particle sizes around D ¼ 25 nm with narrow distributions. For CCMV-silica7.5 particles, a relative broader peak with an average diameter of D ¼ 30 nm was found in the DLS analysis (Fig. S3 †) .
The structures of silicated NPs were further studied by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis, which shows CCMV protein bands at 20 kDa for CCMV-silica4 and CCMV-silica6 (Fig. S4 †) . 23 The presence of these CCMV protein bands indicates that proteins were denatured and separated without the protection of silica shell. For CCMV-silica7.5, however, no signicant protein band at 20 kDa was observed, instead aggregates remained on top of the stacking gel (Fig. S4, † line 4) , suggesting a robust silica shell that prevents proteins from being released. This increased silica precipitation on the exterior surface could be ascribed to a higher electrostatic interaction between the capsid and APTES at a higher pH.
Removal of the protein part by calcination resulted in silica nanoparticles with height of 2.5 nm, 14 nm and 20 nm from CCMV-silica4, CCMV-silica6 and CCMV-silica7.5 respectively as observed by Atomic Force Microscopy (AFM), as shown in Fig. 3 . For CCMV-silica4 and CCMV-silica6, the obtained silica nanoparticles were almost homogeneous in size from AFM images, suggesting a well-controlled silication in the conned viral cavity.
The formation of diverse structures of silicated nanoparticles formed at different pH values in the presence of CCMV is attributed to the pH dependence of pore size and charge state of the exterior virus surface. Three stage were recognized for the accessibility of the CCMV protein cage: pH < 5.5, low accessibility; pH 5.5-7, medium; pH $ 7.5, high accessibility.
Therefore, the access of silica nuclei into the protein cages can presumably be controlled by varying the pH of the system. Moreover, the electrostatic interaction between the negatively charged exterior of the protein shell and the positively charged APTES induces the silication on the exterior surface of the capsids. The exterior surface of capsids becomes more negatively charged when the pH is increased, since the pK a of CCMV is 3.8.
67 Combination of these two factors leads to a competition of silica layer growth between the interior and exterior of the protein cages, resulting in silicated virus particles with a ne-tuned core-shell structures.
To construct multifunctional hybrid NPs, we employed the above procedure at neutral or slightly alkaline pH to gold nanoparticles in CCMV capsids (CCMVAu) yielding CCMVAu/silica, and Au/silica materials aer removal of protein component.
Commercial Au NPs with diameter of 7 nm stabilized by tannic acid were encapsulated in the protein capsid as previously reported. 68 The assembly resulted in hybrid CCMVAu NPs with a core-shell structure with average size of 18 nm, in combination with capsids containing only tannic acid (Fig. 4a) . Silication of CCMVAu resulted in CCMVAu/silica multiple coreshell materials (Fig. 4b) . According to TEM images, the average diameter of CCMVAu/silica was found around D ¼ 28 nm with a thickness of the silica shell of 5 nm (Fig. S5 †) . In this step, additional tannic acid was added to the CCMVAu solution, the mixed solution was incubated on a rotor for 0.5 h, silica precursor was then added to produce CCMVAu/silica hybrid NPs. Tannic acid contains a large number of phenol groups which can easily combine with carboxyl groups on the exterior surface of capsid through hydrogen bonding. 69, 70 Moreover, tannic acid has been widely used as a template for silica growth. 71, 72 Therefore, the extra tannic acid in this case can absorb on the exterior surface of capsids and act as a guiding reagent, resulted in uniform silica coatings on protein capsids, as shown in Fig. 4b . Elemental mapping showed a thin layer of silica formed around the capsid layer, a minimal amount of silica was found at the interface of the capsid, and no silica was found in the core of the particles (Fig. S6 †) . Silication in the absence of tannic acid only resulted in irregular NPs (Fig. S7 †) , indicating that tannic acid plays an essential role in directing silica growth on the exterior surface of CCMV capsids in aqueous solution.
Calcination of CCMVAu/silica resulted in Au/silica core-shell NPs, as the organic components were removed by heating at 550 C for 3 h. The obtained Au/silica materials were characterized by STEM ( Fig. 5a and b) , showing the core-shell structure. The core particles with a higher contrast correspond to AuNPs, while the shell consists of silica. No individual AuNPs nor aggregates were observed by STEM analysis, suggesting that the protein cage induced silica shell acts as a protecting layer to prevent aggregation during the calcination at high temperature. The removal of the vaporized organic materials from the silica network, suggests that these are sufficiently porous to allow small molecules to reach the gold core. This prompted us to study the catalytic activity of the encapsulated Au NPs to explore their potential application as nanoreactors. [73] [74] [75] As a typical example, the reduction of 4-nitrophenol (4NP) was catalyzed by Au/silica and the progress of the reactions was monitored by UV-vis spectroscopy (Fig. 5c) . The characteristic absorption band of deprotonated 4NP at l ¼ 400 nm decreased, while a new absorption band at l ¼ 300 nm -indicating the formation of aminophenol -appears during the reaction. The correlation of ln(A/A 0 ) versus reaction time (Fig. 5d) points to pseudo-rst-order kinetics with a rate constant of 1.23 Â 10 À3 s À1 that is comparable to previous studies. 76, 77 Under the protection of porous silica shell, Au NPs are well stabilized without aggregation, while Au NPs that are stabilized only by tannic acid tend to aggregate aer reaction. 26 Furthermore, it's facile to coat silica shell protected Au NPs on substrates to prepare easy to handle catalytic thin lms, which is a challenge for naked gold nanoparticles.
Conclusions
Core-shell structures of silica and virus based materials can be constructed by controlling the pH during the silication process. We have conrmed that at pH ¼ 6 silica preferable forms on the inside of the CCMV virus, while at pH ¼ 7.5, a silica shell surrounding the protein cage is observed. By further reducing the pH the penetration of silica precursors is virtually blocked, so only small particles (D < 3 nm) are observed. This empirical control over the silica formation with the virus as a template allowed us the construct hybrid silica/gold materials, based on gold nanoparticles encased in the CCMV protein cage devoid of the genetic material. The resultant Au/protein shell/silica materials could be transformed to gold inside silica core-shell networks that are catalytically active in the reduction of 4-nitrophenol as an example. Considering the diversity of virus (-like) particles nowadays studied in materials science and their potential cargos, [78] [79] [80] this methodology is not only limited to the specic Au/silica system, but also applicable for the preparation of a series of core-shell nanomaterials. It is anticipated that in that way it paves the way for preparing core-shell hybrid NPs with well-designed structures, towards advanced applications in catalysis, drug delivery, bio-sensor and bio-imaging.
Experimental
Chemicals
All chemicals were of analytical quality, and used as purchased without further purication. Ethanol, (3-aminopropyl)triethoxysilane (APTES), and tetraorthosilicate (TEOS), were all purchased from Sigma-Aldrich. Buffers were prepared with ultrapure water (Milli Q 18 MOhm water). CCMV NPs were isolated from infected cowpea plant and stored in virus buffer solution under 4 C.
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Synthetic procedures
Preparation of silica/virus hybrid NPs: native CCMV (4 mg mL À1 ) in 10 mM sodium phosphate (PB) buffer of pH 6 was treated with TEOS and APTES (90 : 10 mol%) ethanol solution with nal silica concentration of 0.08 wt%, and le on the rotator for 3 days at room temperature. Considering the limited stability of virus nanoparticles in organic solvent, the nal ethanol concentration in water was controlled at 9%. The reaction solution was then dialyzed against buffer for 3 days (refresh buffer 3 times per day), additionally dialyzed against Milli-Q (MQ 18 Mohm) for another 3 days to completely remove the non-reacted silane and salt. The silicied CCMV nanoparticles were separated from nontemplated silica by centrifugation at 10k rpm for 10 min, and the supernatant was collected and named as CCMV-silica6. Samples under pH 4 of 10 mM sodium acetate buffer and pH 7.5, 10 mM Tris-HCl buffer were prepared in the same way, and were named as CCMV-silica4 and CCMV-silica7.5, respectively.
Preparation of gold encapsulated CCMV NPs and silication: encapsulation of gold NPs into CCMV protein cages was carried out according to references, 26 hybrid NPs were named as CCMVAu. Then gold core-protein-silica-double shell hybrid nanoparticles (CCMVAu/silica) were prepared and templated by CCMVAu NPs. In detail, CCMVAu NPs were washed against MQ water with centrifuge lter for three times to completely remove salt, then a certain amount of tannic acid was added into the solution, the mixture was le on the rotor for 0.5 h (silication without tannic acid was also conducted). Further silication method is same as the preparation of silica/virus hybrid NPs. CCMVAu/silica without tannic acid as directing agent was prepared in a similar method.
Catalytic activity of Au/silica: drop 100 mL CCMVAu/silica solution (contain 0.0127 mg mL À1 of Au NPs) on silicon wafer and dried under vacuum, calcination was then performed to form Au/silica NPs. This substrate was then used for catalytic reaction by mixing with 510 mL of Milli-Q water, 90 mL of 2 mM of 4NP and 450 mL of sodium borohydride. UV-vis monitor was started immediately aer mixing.
Characterization
Poly Acrylamide Gel Electrophoresis (PAGE) was performed in the presence of sodium dodecyl sulfate (SDS). Samples were heated at 99 C for 10 min in the presence of 2-mercaptoethanol and 1% SDS. Transmission electron microscopy (TEM) analysis was performed using Philips CM300 microscope. Samples for imaging were deposited onto a 200 mesh copper grid and le for 2 min, aer which the excess buffer or water was blotted away with lter paper. Samples were negatively stained by applying 5 mL of stain (1% w/v uranyl acetate in Milli Q water) onto the grid for 30 s and the excess water was blotted away with lter paper as well. Samples were dried overnight before imaging. Samples without staining were prepared in a similar way.
Dynamic light scattering (DLS) analysis was performed with Nanotrac by Anaspec operating with a Microtrac FLEX operating soware at 25 C, using a laser wavelength of 780 nm at a scattering angle of 180 . The observed sizes and standard derivations of the nanoparticles were calculated by taking an average of 5 measurements. Scanning transmission electron microscopy (STEM) analysis was taken with a Carl-Zeiss 1550 Gemini eld emission scanning electron microscope. Samples were prepared in the same way as for TEM analysis.
Atomic Force Microscopy (AFM) measurements were performed using a Multimode AFM (Bruker Nano Surfaces, Santa Barbara, CA, USA) with a NanoScope V controller with tapping mode.
Muffle furnace calcination of particles were carried out with increasing temperature of 2 C min À1 , hold at 550 C for 3 h.
Samples were drop-casted on the silicon wafers which were precleaned with oxygen plasma and dried overnight in the vacuum oven before calcination.
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